The presence of trace metallic species in the petroleum light fractions is of concern, since they may affect the quality and degrade the performance of fuels, leading to thermal instability, corrosion of the motor and the formation of precipitates. For instance, Cu is known to catalyze oxidative reactions in gasoline, promoting the deterioration of olefins and the formation of gum. 1, 2 In addition, volatile toxic elements, such as Pb, are released to the environment through the combustion of fuels. These metallic chemical species are normally in very low concentrations in gasoline, requiring very sensitive analytical techniques for their determination. Previous preconcentration procedures are usually required in order to improve the detection power.
1
The direct analysis of organic liquid fuels, such as gasoline, is difficult because of its volatility, low viscosity and immiscibility with water. In general, a treatment is required to make the sample compatible with the analytical technique employed. The difficulty in using electroanalytical methods for gasoline relies on the immiscibility of the sample with aqueousbased supporting electrolytes. The general approach is to ash the sample, followed by solubilization of the residue with strong inorganic acid; otherwise, a non-aqueous media approach has to be used.
The use of microemulsions (three-component solutions) is a successful way to obtain a homogeneous thermodynamically stable system containing two liquids that have no, or a very limited, mutual solubility. [3] [4] [5] In the three-component solution, two immiscible liquid components are dispersed as micro droplets throughout a third component in order to obtain a homogeneous and optically transparent mixture. The stability of this system is guaranteed when this third component is a common solvent (detergentless three-component solution) or a surfactant (detergent three-component solution).
Sample preparation as three-component solutions does not require the destruction of organic matter. Such a stable system behaves similarly to an aqueous solution of the supporting electrolyte and the acidification of the three-component solution may convert analyte metallo-organic species into analyte inorganic ions, allowing accurate determinations using aqueous standard stock solutions for calibration. 4 In this work, a three-component solution was proposed as a way to prepare gasoline samples, enabling the development of a voltammetric method for trace determinations of Pb(II) and Cu(II). Since mercury is an undesirable electrode material due to environmental and health reasons, mercury-free electrodes were used. Bismuth-film electrodes have been shown to be extremely useful alternatives to mercury electrodes for anodic stripping voltammetric measurements of trace metals. Bi is an environmentally friendly element and with very low toxicity. Most recent stripping work at Bi film electrodes has been devoted to the detection of heavy metals, including lead and cadmium. 6 An experimental design has been successfully employed in optimization of the experimental variables. [7] [8] [9] The performance of the method was evaluated through their figures of merit and by the analysis of analyte spiked samples. system 1000 (Gehaka, Brazil). Stock solutions of Bi, Pb and Cu were prepared from 1000 mg L -1 standard solutions (Aldrich, Milwaukee, USA). More diluted solutions were prepared from the stock solution using a 1% nitric acid aqueous solution. The Pb metallo-organic standard of lead was from Conostan ® (Conoco, OK, USA). Nitric acid (HNO3), ethanol, methanol and propan-1-ol were of analytical grade purity (Merck, Darmstadt, Germany). Isoctane was from Vetec, Brazil. Nitrogen (99.99%) from White Martins, Brazil, was used to remove dissolved oxygen. Gasoline was obtained from local vendors.
Apparatus
Voltammetric measurements were carried out using an EG & G Princenton Applied Research Corporation (PAR, Princenton, USA), Model 348B polarographic analyzer coupled with a PAR (Model 303) static mercury drop electrode (SMDE), where a glassy carbon electrode (GCE) was placed. An Ag/AgCl electrode and a platinum wire were used as reference and auxiliary electrodes, respectively. During the accumulation step, convective transport was maintained by magnetic stirring with a PAR 305 stirrer and a Teflon stirring bar. All voltammograms and data were collected on a plotter (PAR RE 0093).
Software
Data analysis was performed using the Statistica 6.0 software package, 10 for the experimental design and data regression.
Procedures
Sample preparation. Analyte currents were measured directly in the three-component solution containing a gasoline sample. These three-component solutions were prepared by mixing appropriate amounts of the sample (gasoline) water and propan-1-ol (selected as the common solvent) in order to obtain a final clear and stable homogeneous solution. Optimized proportions of the components (gasoline:propan-1-ol:water of 25:60:15 v/v/v) were mixed in 10 mL vials. First, 2.5 mL of gasoline and 0.5 mL of concentrated nitric acid (computed as part of the water content) were placed in the vial and submitted to vortex agitation during 5 min. Then, 6 mL of propan-1-ol was added followed by 1.0 mL of water, which as slowly incorporated into the solution in order to obtain 10 mL of a clear and homogeneous three-component solution. When necessary, during the addition of water, the mixture was vigorously shaken and placed in an ultrasonic bath in order to guarantee the formation of a transparent and stable solution. These solutions were spiked with appropriate volumes of inorganic standards of the analytes of interest, or with an analyte metallo-organic standard. In order to perform recovery tests, gasoline samples have been selected containing concentrations of the analytes below the detection power of the method. Three-component solutions of unspiked gasoline were used as blanks. Voltammetric measurements of Cu and Pb. Voltammetric measurements of Cu(II) and Pb(II) were made in a sequential way. Once a 10-mL three-component solution had been placed into the borosilicate cell and deoxygenated, Cu was accumulated on the GCE at -600 mV for 250 or 1500 s (depending on the analyte concentration level) under conditions of forced convection. When the accumulation time had elapsed, the stirrer was switched off and the solution has left to settle for 15 s. The voltammogram was then recorded by applying an anodic sweep in a square-wave waveform from -600 to +300 mV, obtaining a Cu peak with the maxima at +104 mV. For the second run, a Bi-film was deposited in the surface of the GCE.
In order to do this, 100 μL of a 5.0 × 10 -3 mol L -1 of Bi 3+ standard solution was spiked in the cell in order to obtain a 5.0 × 10 -5 mol L -1 final concentration. The deposition time was used at a potential of -1200 mV in order to both prepare the Bi film in situ and, at the same time, to accumulate Pb on the electrode surface. The simultaneous formation of the Bi film and the accumulation of Pb was employed in order to speed up the overall procedure. After a 15-s resting time with no stirring, the voltammogram was recorded by applying an anodic sweep in square-wave waveform from -1200 to -200 mV, obtaining a Pb peak with the maxima at -470 mV. In order to perform the analysis of a subsequent sample, the electrode was cleaned by applying a +300 mV potential during 60 s in order to redissolve residues of Cu and Pb on the electrode surface and to eliminate the Bi film. Between sample changes, the electrodes were washed with ethanol in order to remove any gasoline threecomponent solution residue. At the end of the working day, the working electrode surface was cleaned with an alumina slurry.
Results and Discussion

Three-component solution
A systematic study was employed to optimize the composition of the three-component solution, aiming at achieving the maximum content of the sample (gasoline). A 25% gasoline content (in volume 2.5 mL) was established based on previous experiences.
11 -13 Then, the amounts of the aqueous phase, including the amount of concentrated nitric acid, (from 15 to 30% in volume) and propan-1-ol (from 45 to 60% in volume) were varied in order to obtain a clear homogeneous and stable solution. This was achieved by using a gasoline:propan-1-ol: nitric acid aqueous solution of 25:60:15 v/v/v proportion. These solutions kept their homogeneity for more than 48 h. Nitric acid was used as part of the aqueous component in order to convert different analyte metallo-organic species found in real samples into simple inorganic species.
11
The acid also acts as a supporting electrolyte for the system. During preparation, the final nitric acid concentration was 0.7 mol L -1 . Higher acid concentrations were avoided in order to minimize the formation of dark solutions and soot from the carbonization of the organic sample.
Optimization of experimental and instrumental parameters
Differential pulse voltammetry (DPV) and square wave voltammetry (SWV) at a mercury-based electrode satisfy even the highest demands on sensitivity required for the determination of a group of trace elements, 14 enabling important advantages, such as relative simplicity and low cost of equipment when compared to spectroanalytical methods. A Bifilm electrode (BiFE) has been proposed as an effective substitute for anodic stripping voltammetry for most of the metals determined using mercury-based electrodes. 6, 15, 16 Although the Bi film is totally redissolved only when a +300 mV potential is applied, as the scanning reaches the characteristic Bi(III) oxidation potential, part of it is redissolved while creating a "Bi noise" (proportional to the amount of Bi in the film) which occurs at a potential very close to the characteristic one of Cu(II), imposing strong signal interference. Wang et al. 17 studied such interference, and showed that it can be avoided. However, for the mercury-free approach proposed in this work, the sequential approach for the determination of both Cu(II) and Pb(II) was employed by first determining Cu(II) at the GCE and then, in a second run, determining Pb(II) after the formation of BiFE.
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A previous study was made in order to find the best conditions for the formation of the BiFE for the determination of Pb(II). The best potential for the formation of BiFE was at -1200 mV. In order to speed up analysis, this potential was also employed for the deposition of Pb. For the determination of Pb, the final concentration of Bi(III) in the cell was optimized, as can be seen in Fig. 1 , which shows an increasing signal of Pb(II) as the concentration of Bi(III), added as Bi(NO3)3, was increased. The maximum signal was achieved from 1 × 10 -5 to 5 × 10 -5 mol L -1 of Bi(III). The chosen concentration for the formation of BiFE was 5 × 10 -5 mol L -1 . For Cu(II), the best adsorption potential at the GCE was found to be at -600 mV.
Other specific instrumental parameters for the SWV technique were optimized while taking into consideration maximization of the Pb(II) signal. When using the SWV technique, the peak current obtained for an analyte is usually influenced by a large number of variables of different nature that have to be taken into account. Since the type of supporting electrolyte and pH are dependent on the composition of the three-component solution (deposition potential and time were previously set), only the three instrumental parameters (pulse height (H), step increment (vinc) and frequency (f)) were left to be optimized. A 2 3 Box & Hunter factorial design was chosen for complete optimization of these three remaining factors, taking as the response to be optimized the intensity (ip) measured at -470 mV, aiming to achieve the maximum and reproducible signal of the three-component solution containing 5 × 10 -8 mol L -1 of Pb.
Experiments with all possible combinations were carried out using two values for each parameter (factor) corresponding to a high level (+) and a low level (-) as follows: pulse height (H(+) = 150 mV and H(-) = 20 mV); step increment (vinc(+) = 10 mV and vinc(-) = 6 mV); frequency (f(+) = 120 Hz and f(-) = 90 Hz). The experimental matrix and the obtained results can be seen in Table 1 . Experiments were carried out at a random order with two authentic replicates.
From analysis of the variances (ANOVA) given in Table 2 , it can be deduced that f, H and the interaction between these two factors (AB) can influence the response significantly. The results show that the effect of these two factors are the most important on the signal intensity (Fcalculated > Fcritic). The step increment can be fixed, since it is not a significant factor, and none of the interactions in which it is involved (AC, BC and ABC) have any influence on the response. When the residual variability for this model (i.e., after removing the main effects) is compared against the pure error estimated from the withingroup variability, the resulting F-test is not statistically significant. Therefore, this result additionally supports the conclusion that, indeed, f and H significantly affected the resultant peak current in an additive manner. Therefore, all differences between the average values obtained under the different experimental conditions can be explained by the simple additive model for those two variables. When appropriate coefficients are considered, the prediction equation is: AE = 4887 + 822f + 1658H + 464fH.
From the generated estimated response surface (Fig. 2) , the optimum instrumental conditions for the SWV determination of the analytes were: vinc = 6 mV (calculated scan rate is 720 mV s -1 ); f = 120 Hz and H = 150 mV (frequency and pulse height are maximum values in the darker region of the response surface). In Table 3 the experimental and instrumental conditions chosen for the determination of Pb(II) and Cu(II) in the three-component solution are indicated.
Analytical performance
The analytical characteristics were evaluated using the chosen conditions for the determination of Pb(II) and Cu(II) ( Table 3) . ; pulse height, 150 mV; frequency, 120 Hz. Analytical curves presented a linear behavior from the limits of quantification (LOQ) up to 4.0 × 10 -5 mol L -1 according to the correlation coefficients of 0.9951 and 0.9991 found, respectively, for Cu(II) and Pb(II). A linear regression indicated that these curves were described by: ip (nA) = 18.8 + 7 × 10 9 [Cu] (mol L -1 ) and ip (nA) = 1381.6 + 3 × 10 10 [Pb] (mol L -1 ). The sensitivity of the method varied according the accumulation time used, as can be seen in Fig. 3A for Pb(II) and in Fig. 4A for Cu(II). For both analytes, the signal increases up to accumulation times of around 1000 s, leveling off for longer times. In order to illustrate the appearance and proportion of the current pulses, Figs. 3B and 4B display voltammograms for three increasing concentrations of Cu and Pb in analyte fortified gasoline threecomponent solutions. The limit of detection (LD) and the limit of quantification (LQ) in the three-component solution were calculated based on the 3σ/m and the 10σ/m criteria, respectively. For Cu(II), LD was 5.0 × 10 -10 mol L -1 and LQ was 1.7 × 10 -9 mol L -1 , while for Pb(II) these limits were 4.0 × 10 -11 mol L -1 (LD) and 1.4 × 10 -10 mol L -1 (LQ). The analytical precision (repeatability) was evaluated by a series of 16 successive measurements of three-component solutions containing Pb(II) and Cu(II) at 1.0 × 10 -8 and 1.0 × 10 -7 mol L -1 concentration levels, respectively. The achieved standard deviations were 7% for Pb(II) and 5% for Cu(II). The accuracy of the method was assessed by 10 replicate analyses (n = 10) of analyte-spiked three-component solutions prepared with commercial gasoline samples.
Gasoline samples containing original concentrations of Cu(II) and Pb(II) below the LD were chosen. The gasoline in the three-component solutions were then fortified with Cu(II) and Pb(II) inorganic standards. Two concentration levels were evaluated for each of the analytes: Pb(II) at 1.0 × 10 -8 and 1 × 10 -10 mol L -1 and Cu(II) at 1.0 × 10 -7 and 1 × 10 -9 mol L -1 . Recoveries at the higher concentration level were 102 ± 5% for Cu(II) and 97 ± 8% for Pb(II). At the lower concentration level, recoveries of 98 ± 6% for Pb(II) and 101 ± 4% for Cu(II) were obtained.
Further tests were also made using gasoline samples spiked with a metallo-organic standard of Pb (Conostan ® ) in order to demonstrate that the method is independent of the analyte chemical species present in the sample. Statistically similar signal currents (n = 10 at 95% confidence limit) were obtained when metallo-organic and inorganic standards were spiked in a commercial gasoline sample. Such equivalent results were probably caused by mixing the sample with concentrated acid before the formation of homogeneous three-component solution, converting organometalic species form into an inorganic form.
A study to evaluate the interference of Cu in the Pb signal was also made. It was demonstrated that at higher concentrations, Cu may compete with Pb for surface sites during the formation of Bi and the deposition of Pb. 17 more concentrated. In this case, in the presence of Cu, the Pb(II) signal was decreased by 68% when compared to the original signal. Although such an effect degrades the detection power of the method for Pb, in terms of quantification, such interference may be corrected by an analyte addition technique.
A further interference study was also made by evaluating the effect caused by the presence of increasing amounts of one sulfur-containing compound (dibenzothiophene, DBT). In this case, the concentrations of Cu and Pb were fixed respectively to 1.0 × 10 -6 and 1.0 × 10 -5 mol L -1 , while the concentrations of DBT varied from 1.0 × 10 -6 to 1.0 × 10 -4 mol L -1 . No interferences were observed for the quantification of Pb. For Cu, although no interferences were observed for the 1:1 ratio, at higher proportions of DBT, interference was observed, affecting the quantification of this analyte.
Conclusions
The use of homogeneous three-component solutions was proposed for the determination of Pb(II) and Cu(II) in gasoline by square-wave voltammetry. In this method, a mercury-free approach was used and the determination of the analytes was performed in a sequential way. Cu(II) was directly determined in a first scan using a glassy carbon electrode, because of interference of the Bi(III) peak in the Cu(II) peak signal. In a second sweep, Pb(II) was determined after the in situ formation of BiFE. A single scan approach may be successfully applied if a mercury-film electrode is used. The concentrated nitric acid introduced in the three-component solution acted as a supporting electrolyte, which allowed the use of aqueous inorganic standards for calibration, even if the analyte species originally in gasoline was present as a metallo-organic form. The figures of merit have shown that this approach is adequate for the analysis of Cu and Pb in gasoline. The appropriate deposition time must be selected based on a compromise between sensibility required to detect the analytes and time required for the analysis. This is a relatively simple approach that does not require the use of previous sample digesting or analyte extraction steps. 1069 ANALYTICAL SCIENCES SEPTEMBER 2007, VOL. 23 
